This study demonstrates the effectiveness of three acidic primers on adhesive bonding of high-purity alumina coping material. The three primers contained either a hydrophobic phosphate or a phosphonoacetate, i.e., phosphorus based acidic monomers.
Introduction
Over the past decade, the use of high-strength ceramics for fixed prosthodontic practice has increased substantially probably due to an improvement in materials and techniques. Alumina (aluminum oxide) has been used as a reinforcing component of dental porcelains as well as the prefabricated coping material of an all-ceramic restorative system. 1 It is necessary for restorations that alumina copings and layered porcelain materials can be bonded adequately for reproducibility of tooth color and restorative longevity. Shear bond strength between alumina core and veneered porcelain is reported to be 22. 4 MPa, and the value is somewhat lower than that of metal-ceramic bond. 2 It is also necessary for both patients and clinicians that alumina copings and abutment teeth can be bonded strongly for the longer service period of the restorations. A number of researchers have demonstrated the effectiveness of adhesive systems for bonding alumina. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] A tri-n-butylborane (TBB) initiated resin combined with either a carboxylic 3 or phosphate 12 monomer enhanced bond strength to alumina. Silane monomers and surface preparations with silicon compounds were introduced for bonding alumina-based materials. [3] [4] [5] [6] 8, 9, 11, 12 Application of acidic compounds was effective also for bonding alumina with composite luting agents. [6] [7] [8] [9] [10] [11] Although various adhesive agents for bonding restorations and fixed partial dentures are being introduced, limited information is available about bonding characteristics of alumina, especially as related to chemical ingredients or adhesive monomers in the bonding agents. 3, 12 The purpose of the current study was to evaluate the effect of acidic primers on bond strength and durability of a dualpolymerizing composite luted to high-purity alumina coping material.
Materials and Methods
Two sizes of disk specimens (8 and 5 mm in diameter by 3 mm thick) were fabricated with 99.5% purity alumina (Procera AllCeram, Nobel Biocare AB, Goteborg, Sweden), and they were used as the adherend materials. Seven primers shown in Table 1 (Acryl Bond, All Bond II Primer B, Alloy Primer, Estenia Opaque Primer, M.L. Primer, MR. Bond, and Super-Bond Liquid) were assessed as the candidates for bonding promoter. All primers were single-liquid and contained at least one acidic monomer. A dual-polymerizing composite material (Variolink II, Ivoclar Vivadent, AG., Schaan, Liechtenstein) 13 was selected as the luting agent. A total of 128 pairs of disk specimens were wetground with 1,500-grit silicon-carbide abrasive paper, and ultrasonically cleaned with acetone. The 128 disk pairs were divided into eight sets (seven primers and unprimed control) of 16 specimen pairs. A piece of tape with a circular hole 3 mm in diameter and 50 µm in thickness was positioned on the surface of the 8-mm-diameter adherend specimen to define the area to be bonded. The 112 pairs of the specimens, except for the 16 control specimens, were primed with one of the seven primers, and air-dried. The 8-and 5-mm-disks were bonded with the luting composite. After the bonding, a 5.0 N load was applied to the specimens. Each specimen was then light exposed with a hand-held polymerizing unit (Optilux 501, Kerr Corp., Orange, CA, USA) from three directions for 40 s each.
After 30 minutes of bonding, the prepared specimens were stored in 37°C water for 24 hours. This state was considered as 0 thermocycle, and half of the specimens (eight sets of eight pairs) were tested at this stage. The remaining half of the specimens (eight sets of eight pairs) were subsequently thermocycled in water between 5°C and 55°C for 100,000 cycles with a 60-s dwell time per bath (Thermal Shock Tester TTS-1 LM, Thomas Kagaku Co. Ltd., Tokyo, Japan). The specimens were fixed in a steel mold and seated in a bond test jig (ISO TR 11405).
14 Shear bond strengths were determined with a mechanical testing device (Type 5567, Instron Corp., Canton, MA, USA) at a crosshead speed of 0.5 mm per minute. The average shear bond strength and standard deviation of eight replications were calculated for each group. The results were primarily analyzed by Levene test for evaluation of homoscedasticity (SPSS 14.0.1J, SPSS Japan Inc., Tokyo, Japan). When the results of the Levene test did not show homoscedasticity in at least one category, KruskalWallis test was performed for both pre-and postthermocycling groups to evaluate the difference among primer variations at α = 0.05 level. On the basis of the results of Kruskal-Wallis test, SteelDwass multiple comparisons (Kyplot 4.0, KyensLab Inc., Tokyo, Japan) were furthermore performed to compare the difference among the eight priming groups for each of 0-and 100,000-thermocycling conditions at α = 0.05 level. Difference between the pre-and post-thermocycling bond strengths within an identical surface condition was analyzed with Mann-Whitney U test (SPSS ver.14.0.1J) at α = 0.05 level.
After the shear bond testing, the debonded surfaces were observed through an optical microscope (8x; SZX9, Olympus Corp., Tokyo, Japan). The failure modes were classified into the following three categories: A, adhesive failure at the luting agent-adherend interface; C, cohesive failure within the luting agent; and CA, combination of cohesive and adhesive failures.
Results
Shear bond testing results are shown in Table 2 .
Mean bond strength before application of thermocycling varied from 12.0 to 39.1 MPa. The unprimed control group resulted in the lowest bond strength (category a) among the pre-thermocycling groups. Three groups primed with the Alloy Primer (39.1 MPa), Estenia Opaque Primer (33.7 MPa), and MR. Bond (33.6 MPa) demonstrated the greatest pre-thermocycling bond strengths, and the bond strength means were not statistically different from each other (category d). The results of postthermocycling bond strength are summarized in Table 3 . Average bond strength after application of 100,000 thermocycling ranged from a low of only 0.0 MPa to a high of 26.9 MPa. Three groups treated with the Alloy Primer (26.9 MPa), Estenia Opaque Primer (21.3 MPa), and M.L. Primer (20.1 MPa) showed the greatest post-thermocycling bond strengths, and they were not statistically different (category h). Mann-Whitney U test run on the pre-and post-thermocycling bond strengths with identical surface condition revealed that application of 100,000 thermocycling reduced bond strength of all eight groups (Table 4 ; p < 0.05). Figure 1 shows the polished alumina surface, and Figures 2-4 show examples of debonded surfaces. Table 5 summarizes the failure mode after shear bond testing of the specimens. Debonded surfaces showed reduction in cohesive failure area and increase in adhesive failure area for three groups (AP, EP, and ML) after application of thermocycling. The remaining five groups, including the control group, exhibited adhesive failure both before and after thermocycling. 
Discussion
The present study evaluated bonding behavior of alumina coping material using seven single-liquid primers and a dual-polymerizing luting composite. The Variolink II composite did not contain any adhesive promoting monomer in the composition. This composition made it possible to evaluate the effect of functional monomers in the primers. Application of thermocycling revealed the effectiveness of three or four primers for bonding the Procera AllCeram alumina. According to the manufacturers' information (Table 1) , the Alloy Primer and Estenia Opaque Primer materials contain MDP monomer, and the M.L. Primer material contains 6-MHPA monomer. Both MDP and 6-MHPA monomers are categorized into one of the acidic methacrylates with phosphorus. In a recent report, 12 hi-purity sintered alumina was bonded with a tri-n-butylborane (TBB) initiated resin using either acidic monomers. The result showed that phosphorus-based monomers rather than carboxylic monomers were effective generally for bonding the sintered alumina. This finding agrees with the current result that MDP monomer is superior to other monomers as a bonding promoter for alumina, although compositions of the two luting agents differ considerably.
Other studies showed the usefulness of the MDP monomer for bonding dental base metal alloys. 15, 16 Both base metal alloys and alumina are covered with metal oxide layer. Considering the fact that MDP is effective for bonding metal oxides, it is not contradictory to the experimental result that the MDP and 6-MHPA acidic monomers are useful for bonding alumina, because alumina is an oxide of aluminum metal. The authors speculate that it is easier for divalent acid with phosphorus (MDP and 6-MHPA) to form aluminate between acid and aluminum oxide than for carboxylic acids (4-AET, BPDM, and MAC-10). This may be derived from the difference between acidity, dissociation con- specimen. The micrograph shows interface between cohesively and adhesively failed areas. Remnant of composite can also be seen at the adhesively failed surface. stant, and other factors of acidic monomers employed in the current experiment.
The results of the current study support the speculation that the hydrophobic MDP and 6-MHPA monomers are superior to other acidic monomers for bonding alumina. It is therefore recommended that a priming agent that contains either MDP or 6-MHPA should be used for bonding the Procera AllCeram alumina copings with the Variolink II luting composites. 
